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IntRoductIon
Giant axonal neuropathy (GAN; OMIM: #256850) is an inherited degenerative disorder which affects both central and peripheral nervous systems. It is an autosomal recessive disorder caused by biallelic mutations in the GAN gene located on chromosome 16q24.1 which encodes gigaxonin, a subunit of E3 ubiquitin ligase. [1] The disease was named after the characteristic giant axons seen on nerve biopsy. [2] However, nerve biopsy alone is considered insufficient for the diagnosis as similar appearance may be seen in other disorders also. [3, 4] We describe three new Indian patients with GAN and compare their clinical, radiological, electrophysiological, and genetic features.
Methods
Three unrelated children who were suspected clinically of the diagnosis of GAN were included in the study. The diagnosis of GAN was suspected based on the following criteria: early onset polyneuropathy and distinctive hair (tightly curled/ kinky/lacklustre and markedly different from parents), in the additional presence of central nervous system (CNS) involvement or suggestive magnetic resonance imaging (MRI) findings. Intellectual disability, seizures, cerebellar signs and optic atrophy were considred markers of CNS involvement. MRI features taken into consideration included abnormalities of cerebral and cerebellar white matter, and dentate nucleus abnormalities.
Electromyography (EMG), nerve conduction studies (NCS), and electroencephalography (EEG) were done in all patients. Other investigations included ophthalmological examination, routine metabolic tests, cerebrospinal fluid (CSF) examination, and MRI of the brain in all patients. Very long-chain fatty acid analysis was done in one patient. Nerve biopsy was refused by the caretakers in each case. Genetic diagnosis was made by targeted sequencing of GAN gene in all patients. Parents were then tested for carrier status. Table 1 compares clinical features of the three patients.
Results

Clinical features
Patient 1 is a 12-year-old Muslim girl born of a third-degree consanguineous marriage, with normal birth and early development. She presented with progressive gait imbalance since 5 years of age, pes cavus, loss of fine motor skills, and slowing of speech. Examination showed coarse woolly hair [ Figure 1 ], cerebellar signs, absence of deep tendon reflexes, positive Babinski sign, and loss of posterior column sensations.
Patient 2 is an 11-year-old Muslim girl also born of third-degree consanguineous parents. She was a preterm very low-birth-weight child and the second of twins, with a prolonged stay in neonatal intensive and special care units. She demonstrated gross global developmental delay since infancy and had a history of 2 episodes of seizures at 5 years of age. She then developed progressive gait and postural imbalance beginning at around 5-6 years. She is intellectually disabled and stunted and underweight (both weight and height <3
rd percentile for age and sex). She is mildly dysmorphic with arched eyebrows, triangular facies, and retrognathia and has coarse frizzy hair [ Figure 1 ]. Hypotonia, facial weakness, nystagmus, scoliosis, bilateral tendo-achilles contractures, absent tendon reflexes, and equivocal plantar response were noted on examination.
Patient 3 is a 12-year-old Hindu girl born of nonconsanguineous marriage with a normal birth history. She had delayed early mental and motor development and started losing her acquired motor milestones around 4-5 years of age. She developed increasing gait difficulty culminating in inability to stand and sit without support. She has facial and bulbar involvement, mental retardation, kinky hair [ Figure 1 ], and short stature. Scoliosis, foot deformities, neuropathy, and cerebellar signs were also noted.
Investigations
Nerve conduction studies/electromyography Table 2 compares the electrophysiological findings in the three patients. All three patients showed axonal type of sensorimotor 
Sensory nerve conduction
Median nerve 
Metabolic tests/cerebrospinal fluid
Metabolic tests including routine blood analysis, lactates, ammonia, Vitamin B12, Vitamin E, and CSF analysis were normal in all patients. Very long-chain fatty acids were analyzed in patient 2 suspecting a peroxisomal disorder and were also normal.
Electroencephalography
EEG was abnormal in patient 2 showing epileptiform discharges in the form of spikes and sharp waves in posterior regions with a normal sleep background; this patient also had a history of seizures. The other two patients had a normal EEG.
Magnetic resonance imaging
MRI of the brain was abnormal in all the three patients. Patient 1 had extensive T2/fluid-attenuated inversion recovery (FLAIR) hyperintense and T1 hyperintense periventricular white matter changes without restricted diffusion or contrast enhancement [ Figure 2d ]. Similar changes were seen in dentate nucleus and medulla with sparing of basal ganglia and thalami. Superior cerebellar peduncles were mildly involved. T2-weighted spinal MRI did not reveal any abnormality.
Patient 2 had patchy T2 hyperintense lesions in the cerebellar white matter and frontal and parietal white matter. Ill-defined T2 hyperintensities were seen in basal ganglia, mainly the globus pallidus. Heterogeneous lesions were seen in dentate nucleus, with central hyperintensity and peripheral T2 hypointense and T1 hyperintense lesions. Cavum septum pellucidum was noted [ Figure 2a -c]. Subtle calcification was seen in dentate nuclei and bilateral thalami on computerized tomography scans. Magnetic resonance spectroscopy (MRS) showed few tiny lactate peaks in basal ganglia. No restricted diffusion was seen. Screening spinal MRI was normal.
MRI of patient 3 [ Figure 2e and f] showed T2 hyperintense changes in the parieto-temporo-occipital periventricular white matter, cerebellar white matter, and dentate nucleus with white matter volume loss.
Genetic analysis
Targeted sequencing of GAN gene was done in all three patients. In patient 1, a homozygous single base-pair insertion in exon 3 of the GAN gene (chr16:81388261-81388262insA) that results in a frameshift and premature truncation of the protein 6 amino acids downstream to codon 180 (p. Glu180ArgfsTer6) was detected. Her parents are heterozygote carriers of this mutation. In view of clinical and investigational profile and predicted damaging nature of the mutation, it is considered causative of the disease.
Patient 2 had a homozygous nonsense variation in exon 3 (chr16:81388211) which causes premature truncation of the protein at codon 162 (p.Arg162Ter). Patient 2 showed a nonsense truncating homozygous mutation of GAN gene which has been previously reported in a Japanese patient with GAN. [5] Parents were heterozygous carriers for the mutation.
In patient 3, heterozygous missense variations were detected. The first was in exon 9 of the GAN gene (chr16:81399058; G > G/A) that results in the amino acid substitution of lysine for glutamic acid at codon 493 (p.Glu493 Lys). The second mutation was located in exon 11 (chr16:81411134; C > C/A;) that results in the amino acid substitution of glutamic acid for alanine at codon 576 (p. Ala576Glu;). Patient 3 has missense heterozygous mutations, one of which has been recently reported as pathogenic in a patient with GAN. [6] In view of strong clinical suspicion and the fact that parents are carriers of these mutations, it is likely that the other mutation is a novel missense mutation for GAN.
In all the three patients, genetic testing was then extended to include other hereditary neuropathies and related neurological disorders; this was especially important in view of consanguinity. However, no other pathological mutations except in GAN gene were found in any of the patients. None of the carriers were symptomatic. dIscussIon GAN is a rare, fatal neurodegenerative disorder. It results from mutations in the gene encoding gigaxonin, but the exact pathogenic mechanisms underlying the disease are unclear. Gigaxonin belongs to the BTB-KELCH domain family of E3 ubiquitin ligases and is involved in degrading protein substrates through the ubiquitin-proteasome system. [7] Three types of filaments, namely, intermediate filaments, neurofilaments, and glial filaments have been found to be abnormal in GAN. [8] Histologically, aggregates of abnormal filaments have been found in the giant axons. Recent studies suggest that patients with GAN lack the ability to degrade these filaments which secondarily cause the disease manifestations. [9] All patients presented with the phenotype of early-onset predominantly sensory neuropathy, cerebellar signs, and typical hair. These are the most commonly described phenotypic features in GAN. [1, 10, 11] However, they differed in many other clinical features. Two patients had developmental delay right from infancy. One of them also had a significant perinatal history but no suggestive MRI features of the same; thus, it is unclear whether this contributed to her pathology. All children began with gait abnormalities slowly progressing to significant motor difficulties, sometimes accompanied by scoliosis and foot deformities. Two patients had cranial nerve involvement in the form of facial nerve involvement and one had bulbar signs. Extensive cranial nerve involvement has been described in GAN. [12] Seizures were seen in one patient and mental retardation in two. Patient 1 did not have any clinical features of CNS disease and presented with a pure peripheral disease. However, MRI features showed white matter and cerebellar involvement. Such subclinical CNS involvement in GAN has been described previously also. [13] Thus, although GAN involves both CNS and PNS, clinically it may rarely resemble a pure peripheral or CNS disease. [14] Precocious puberty is another feature which has been reported in female children with GAN, but none of our patients manifested the same. [10] NCS and EMG demonstrated an axonal sensorimotor neuropathy characteristic of GAN initially involving sensory followed by motor neurons. [1, 2, 10] The neuropathy is relentlessly progressive and disabling. Secondary demyelination has been previously described but was not seen in our patients.
Patient 2 had an abnormal EEG. Old EEG done at 5 years of age (at the time of seizures) showed generalized burst of epileptiform activity, sharp waves and spikes in the posterior region, and slowing in posterior regions. EEG at the time of diagnosis showed only posterior spikes and sharp waves with intermittent slowing. Demir et al. reported focal or generalized EEG abnormalities characterized by sharp wave paroxysms, sharp and slow wave, and spike-slow wave discharges in 3 out of their 6 patients, but none of them had seizures. [10] MRI in the 3 patients represented a heterogeneous picture but was contributory to the suspicion of GAN in each patient. White matter demyelination in the anteroposterior periventricular regions, [10] frontoparietal regions, [15] parieto-occipital regions, [8] and cerebellum [8, 10, 15, 16] is commonly reported feature in patients with GAN. Subcortical white matter involvement is rare [10, 13] and was also not seen in our patients. Corpus callosal abnormalities were seen in one patient and have also been reported earlier. [15] Thalamic abnormalities have been previously described [10, 16] but we did not find any reports of calcification in thalami and dentate nucleus as were seen in patient 2. This patient also showed T2 hyperintense signals in basal ganglia which have not been reported although Ravishankar et al. [16] described a single patient with T1 hyperintense globus pallidus abnormality. We did not find any significant MRS abnormalities in patient 2 which have been described before. [16, 17] There were also no diffusion abnormalities in the two patients.
Genetically, all patients showed homozygous or heterozygous biallelic point mutations in GAN gene and their parents were found to be harboring the same mutations, some of which have not been described before. No deletions and duplications were noted. In view of clinical feature and carrier status of patients, these mutations are very likely to be pathogenic. Furthermore, the absence of any other pathogenic mutations seen in the extended panel leads credence to the pathogenicity of GAN mutations. In an endogamous Indian population, it is likely that many more of such mutations are waiting to be discovered.
conclusIon
GAN is a clinically, radiologically, and genetically heterogeneous disease with an expanding clinical and genetic spectrum. [18, 19] Patients classically present with central as well as peripheral nervous system involvement but either of them may be subclinical. In addition, the nonspecificity of giant axons for diagnosis and recent evidence of overlap with Charcot-Marie-Tooth disease [20] further complicate the picture.
Although there is no effective treatment at present, diagnosis is important for genetic counseling and to avoid other unnecessary testing. As genetic diagnosis becomes more common and techniques are refined, it is likely that more patients and newer presentations will be seen. Insights into pathological and genetic mechanisms may pave the way for discovering treatment options in this devastating disease.
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